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The Naþ /Kþ /2Cl– cotransporter (BSC1/NKCC2) is the major
transporter mediating sodium chloride and ammonium
absorption in the medullary thick ascending limb. A loss-
of-function mutation of BSC1 is responsible for Bartter’s
syndrome. We previously showed both in vivo and
in vitro that acidosis increases the expression and activity of
BSC1 and that acid pH enhances the stability of BSC1 mRNA
by mechanisms involving its 30-untranslated region (UTR).
f-Crystallin is a pH response factor that protects the
mitochondrial glutaminase mRNA by a specific interaction
with AU-rich motifs. Here we identified the molecular
determinant(s) within the 30-UTR that are responsible for
BSC1-mRNA expression and assessed the involvement
of f-crystallin in this regulation. Deleting three out of six
conserved AU-rich motifs drastically reduced the expression
of BSC1-mRNA with maximal effect for motif 3 at position 870
of the 30UTR. This motif was responsible for pH and
f-crystallin-induced stability of BSC1 mRNA. The abundance
of f-crystallin was increased by acid pH and its
overexpression increased the stability of BSC1 mRNA, but its
RNA silencing inhibited acid pH–induced BSC1 expression.
Therefore the 30UTR of BSC1-mRNA is a target for f-crystallin.
The induction of f-crystallin by an acid pH plays an important
role in preventing BSC1 mRNA decay, thus increasing its
expression and activity.
Kidney International (2009) 76, 730–738; doi:10.1038/ki.2009.265;
published online 5 August 2009
KEYWORDS: acidosis; z-crystallin; mRNA stability; NKCC2 cotransporter; renal
tubular cells
The ability of the medullary thick ascending limb (MTAL) to
adapt to acidosis is crucial for the control of the acid–base
balance by the kidney. During metabolic acidosis, an increase
in ammoniogenesis and ammonium (NH4þ ) secretion
occurs in the proximal tubule.1 NH4þ is delivered to
Henle’s loop, and reaches MTAL where most of it is absorbed
and accumulated in the medullary interstitium2,3 before
being secreted into the collecting duct, and thence excreted
into the urine. Studies have shown that metabolic acidosis is
associated with an increase in transepithelial NH4þ
reabsorption in the MTAL.4 Subsequent studies have shown
that the apical absorption of NH4þ in the MTAL segment is
mainly mediated (B60%) through the Naþ /Kþ /2Cl
cotransporter (known as BSC1 or NKCC2).5–7 The rest of the
NH4þ is transported by the putative barium-sensitive
K/NH4þ antiport, which is also located in the MTAL apical
membrane.5,8 The basolateral exit of NH4þ in MTAL cells is
mediated by a mechanism involving non-ionic diffusion of
ammonia (NH3) in conjunction with the egress of Hþ or
NH4þ mediated by the Naþ /Hþ (NH4þ ) exchanger,
NHE1. Studies in our laboratory have shown that both BSC1
mRNA expression and protein abundance are significantly
increased during metabolic acidosis.9 Using suspensions of
freshly isolated rat MTAL tubules and a thick ascending limb
(TAL) cell line, we have previously shown that acidification
of extracellular medium alone is sufficient to increase both
the activity, and the protein and mRNA expression levels of
BSC1,9,10 and that this effect is mediated by a post-
transcriptional mechanism. We have subsequently shown
that an acidic medium enhanced the stability of BSC1 mRNA
a mechanism involving cis-acting element(s) within the
30-untranslated region (UTR).10
Control of protein expression through mRNA stability has
recently emerged as an important mechanism that regulates
several genes. The regulation of mRNA turnover is deter-
mined by the binding of specialized proteins (trans-acting
factors) on cis-acting elements (AU-rich elements, AREs).
Trans-acting factors may either decrease or increase the
mRNA stability. Most protective proteins are members of
ELAV/Hu family (HuR), but several distinct proteins, such as
the nuclear factor 90 NF9011 and z-crystallin (z-crys), have
also been reported to stabilize mRNAs. z-crys was initially
or ig ina l a r t i c l e http://www.kidney-international.org
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described as protecting and being associated with renal
glutaminase, as well as glutamate dehydrogenase mRNAs
through the ARE sequence during acidosis.12,13 Nevertheless,
it is believed that z-crys is a pH response factor that binds to
a specific AU sequence (known as a pH-responsive element)
found in several pH-responsive transcripts.14 Interestingly,
murine BSC1 mRNA contains three highly conserved AREs
(known as ARE1, ARE2, and ARE3) that exhibit a high
degree of identity with the pH-responsive element (Figure 1).
Hence, the objective of this study is to determine which of
these AREs are crucial to the regulation of BSC1 mRNA
expression, and to find out whether z-crys is involved in the
regulation of BSC1 expression by acidosis. Our findings
indicate that ARE3 is decisive in the control of BSC1 mRNA
expression, and that ARE3 is a pH response cis-element that
stabilizes BSC1 mRNA by binding to z-crys in response to
acid insult.
RESULTS AND DISCUSSION
Stimulation by in vivo and in vitro acidosis of BSC1
expression has been already shown in our laboratory.9 The
increased activity of BSC1 was associated with an increase in
the protein and the mRNA abundances of the cotransporter.
Furthermore, we have also shown that incubating both rat
MTAL tubule suspensions (4–6 h) and murine TAL cells
(16 h) in physiologically acid medium (pHo 7.10) led to an
increase in the stability of BSC1 mRNA through a mechanism
involving the 30UTR of the mRNA.10 Six AREs are present in
the 30UTR of mouse BSC1 mRNA (Figure 1). The last three
AREs (ARE4, ARE5, and ARE6) are relatively well conserved,
with 95% within-species homology. The first three elements
are very highly preserved throughout evolution (100%
identical) in mouse, rat, human, rabbit, monkey and rabbit,
and are similar to the pH-responsive element previously
reported in other mRNA transcripts.14 Curthoys’s group12,13
have shown that the z-crys protein binds pH-AREs, and
stabilizes the mRNAs of mitochondrial glutaminase and
glutamate dehydrogenase in the proximal tubule. On the
basis of this observation, we investigated whether the six
AREs of BSC1 and z-crys are involved in the regulation of
BSC1 mRNA expression in response to an acid pH in TAL
cells.
Baseline BSC1 mRNA expression is dependent on ARE motifs
Functionality of the AREs present in BSC1-30UTR was shown
by deleting each motif from mBSC1 WT and determining
mRNA expression of the transfected mutants by quantitative
reverse transcription PCR (RT-QPCR). Table 1 showed the
amount of BSC1 mRNA before and after TAL transfection
with BSC1 WT plasmid. Endogenous BSC1 mRNA was
weakly expressed in TAL cells compared with that in the
transfected or the native MTAL BSC1 transcripts, indicating
its negligence in the results observed with the transfected
BSC1 plasmids. Figure 2a indicated that mBSC1D-ARE1,
-ARE2, and -ARE3 transcripts were very unstable. In fact,
their mRNA levels decreased by 55.22±6.63%, 44.39±10%,
and 83.73±2.18%, respectively, compared with those of
mBSC1 WT. However, the mRNA levels of mBSC1D-ARE4,
-ARE5, and -ARE6 were more stable and displayed a slight
decrease (29.76±5.31%; Po0.005 for mBSC1DARE6)
or remained unchanged (24.97±17.5%; P¼ 0.197 and
22.71±10.4%; P¼ 0.065 for mBSC1DARE4 and
mBSC1DARE5, respectively, as compared with mBSC1

















































Figure 1 | Sequence alignment of the six BSC1 30UTR-containing AREs. For each ARE region, five species are shown, namely mouse,
rat, human, monkey, and rabbit. The conserved nucleotides are indicated by asterisks, and the core pentamer of nucleotides (AUUUA) is
shown in black.
Table 1 | BSC1 mRNA expression in TAL cells and MTAL tubules
Actin BSC1
mRNA Untransfected cells Untransfected cells Transfected cells MTAL tubules
Ct value 22.32±0.18 30.67±0.15 19.16±0.69 19.46±0.23
MTAL, medullary thick ascending limb; TAL, thick ascending limb.
Total RNA from BSC1 untransfected and transfected cells, and from MTAL tubules was isolated for RT-QPCR analysis. Ct values indicated that endogenous BSC1 mRNA is
extremely weak compared with the transfected or the native MTAL BSC1.
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controlled by the b-galactosidase (b-gal) expression plasmid,
and an equal amount of loaded total RNA was controlled
by endogenous b-actin mRNA. As mBSC1 WT and
mBSC1DARE plasmids are under the control of a minimal
and unresponsive promoter (CMV), changes in their mRNA
levels can only result from a modulation of their stability. To
confirm this inference, we measured mRNA decay of mBSC1
WT and mBSC1D-ARE1, -ARE2, and -ARE3 mutants. We
incubated transfected cells with 80 mM 6-dichloro-1-b-ribo-
furanosylbenzimidazole (DRB; a specific inhibitor of RNA
polymerase II) during 3, 6, and 9 h, and we determined the
mRNA abundances of BSC1 and actin (used for the control
of DRB efficiency in each group) by RT-QPCR. As shown in
Figure 2b, the mRNAs of mBSC1D-ARE1, -ARE2, and -ARE3
mutants were more rapidly decayed than the wild type.
Indeed, their mRNA levels decreased within 6 h by
49.6±17%, 42.58±12.5%, and 54.4±11.5%, respectively,
but mBSC1 WT-mRNA decreased only by 26.2±8.2% (n¼ 4
for each; Po0.05). The estimated half-life of mBSC1 WT
mRNA was B14 h vs B6.3, 8.2, and 4.4 h of mBSC1-ARE1,
-ARE2, and -ARE3 mRNAs, respectively. The actin mRNA
decay was equal in all groups. Thus, the deletion of the most
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Figure 2 |Deletion of ARE reduces the expression of BSC1 mRNA. (a) Thick ascending limb (TAL) cells were transfected with mBSC1 WT
or mBSC1DAREs, and total RNA was isolated for quantitative reverse transcription PCR (RT-QPCR) analysis. The data are normalized by the
quantities of b-galactosidase (b-gal) and b-actin mRNAs. The amount of mBSC1 WT mRNA was set as 100%. The results are the mean of
eight independent experiments. A decrease in BSC1 expression was observed for mBSC1DARE1, -ARE2, and -ARE3, but not for
mBSC1DARE4, -ARE5, or -ARE6. *Po0.05, **Po0.01, ***Po0.0001, and ****Po0.00001. (b) Cells were transfected with mBSC1 WT or
mBSC1DARE1, -ARE2, and -ARE3, incubated with 80mM DRB, and total RNA was isolated for RT-QPCR analysis. The basal levels of BSC1 and
actin mRNAs were set as 100%. Points represent means (s.e.m. are not represented to lighten the figure) of values obtained in four
independent experiments. The half-lives (t1/2) of the mRNAs was estimated using log of % mRNA remaining and linear regression of the data
plots. In all group, mRNA decay of actin was similar. ARE, AU-rich element; WT, wild type.
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conserved AREs caused extreme instability of BSC1 mRNA,
with a dramatic effect being observed when ARE3 was
deleted. These data show for the first time that post-
transcriptional regulation of BSC1 mRNA could have an
important role in the expression of the BSC1 gene. The
identification of these functionally important ARE sites in the
30UTR of BSC1 mRNA is a significant addition to the list of
regulatory processes known to be involved in regulating
BSC1 function. An in vivo mutation of these functional sites
would hamper the activity of BSC1, and could cause a
significant defect in MTAL function, which would lead to a
severe urinary concentrating defect, and a concomitant
decrease in NH4þ excretion with reduced net acid excretion
by the kidney. Indeed, in the murine model, disruption of
BSC1 gene expression has been shown to induce renal
insufficiency, NaCl wasting, and metabolic acidosis.15 Loss of
BSC1 function has been reported to be due to mutations
located in the BSC1-coding gene, and triggers type I Bartter’s
disease.16 Our finding that the 30UTR sequence is crucial for
BSC1 expression should widen the spectrum of clinical
analysis and genotyping in patients who have type I Bartter’s
disease, but who do not display mutations in the coding
region.
The AREs motifs are protein-binding sites that direct the
mRNA turnover. Most commonly, AREs are shown to
mediate mRNA decay. However, it was documented for
several genes that AREs can also act as a stabilizing motifs
depending on the nature of the RNA protein they interact
with and on the physiological conditions (for reviews see
Shim and Karin11). This is the case, for example, of the
interleukin-3 mRNA that contains stabilizing ARE, which
shows increased stability after calcium activation.17 Under
basal conditions at least, as deleting BSC1-ARE1, -ARE2, and
-ARE3 are shown to decrease the expression of mRNA, these
motifs are likely to act as stabilizing sites and bind protective
proteins.
Deletion of each element (ARE1, ARE2, and ARE3)
separately was sufficient to confer considerable instability on
BSC1 mRNA (50–80%), suggesting that despite the distance
between them, these motifs may cooperate. It is credible that
neighboring AREs could interact functionally with each
other, as has been shown to occur in the case of the 30UTR of
the c-fos and interleukin-6 mRNAs.18,19 In addition, the
secondary and tertiary structures of mRNA (such as the
formation of stem loops) are also believed to be crucial for
bringing distant AREs and creating an appropriate assembly
of ARE-binding proteins.19 Whether ARE1-3 motifs act
individually or jointly as a result of a motif produced by their
secondary structure remains to be determined.
ARE motifs are required for the acid pH-induced stability of
BSC1 mRNA
In these experiments, we tested whether AREs influence BSC1
expression in response to an acid stress. Accordingly, cells
were transfected with either mBSC1 WT or BSC1DAREs, and
then incubated in control (pHo¼ 7.40) or acid medium
(pHo¼ 7.10) for 16 h. BSC1, b-gal, and b-actin mRNAs were
then quantified by RT-QPCR. The results shown in Figure 3
indicate that mBSC1 WT was significantly higher in the acid
medium than in the control (144.77±21.4% vs 100±16.6;
Po0.0001). The expression of the mRNA of mBSC1DARE1,
-ARE2, -ARE4, and -ARE5 was still increased after incubation
in acid medium. However, the expression of mBSC1DARE3
and -DARE6 mRNA did not change (P40.05 vs control,
Figure 3). These findings showed that the ARE3 and ARE6
motifs are required for acid-induced BSC1 expression.
Interestingly, ARE3, which is critical for BSC1 expression at
baseline, is also important for the effect of an acid pH.
Unexpectedly, ARE6, which is a poorly conserved site, is also
important for the regulation of the BSC1 transcript by an
acid pH. ARE6 consists of a core pentamer AUUUA, in which
the first ‘U’ nucleotide that is preserved in mouse and rat is
replaced by the ‘C’ nucleotide in human, monkey, and rabbit
(Figure 1). However, this pentamer of nucleotides is
surrounded by a large stretch of ‘AU’ that is very highly
conserved between species. We suggest that this whole mRNA
region could be important for the effect of an acid pH.
Further site-directed mutagenesis experiments are necessary
to elucidate whether ARE6 is a canonical motif, or simply an
unusual regulatory element.
Our data suggested that acidic pH is a physiological
stimulus that modulates ARE-driven mRNA stability of
BSC1. Regulation of mRNA stability is at present well
documented and the list of stimuli is very large.20 The
mechanism of this regulation seems to include restricted
signaling pathways and to be based on AREs-binding factors
activation. Thus, we hypothesize that the effectiveness of
BSC1-AREs in the acid pH effect should be dependent on the
ability of acidic pH to recruit specific trans-acting factors that
bind AREs and protect BSC1 mRNA. We focused our
attention on z-crys protein, because it has been described as





































mBSC1 WT ΔARE1 ΔARE2 ΔARE3 ΔARE4 ΔARE5 ΔARE6
Figure 3 | The influence of AU-rich elements (AREs) on the acid
pH-induced increase in the stability of BSC1 mRNA. Thick
ascending limb cells were transfected with mBSC1 WT or
mBSC1DAREs, incubated for 16 h at pH 7.1 (black columns) or at
pH 7.4 (white columns), and total RNA was isolated for
quantitative reverse transcription PCR analysis. The amounts of
mBSC1 WT and mBSC1DAREs mRNAs in control (pH 7.4) were set
as 100%. The results are the mean of at least six independent
experiments. Acid medium did not increase the abundance of
mBSC1 mRNA in which ARE3 or ARE6 had been deleted. *Po0.05,
**Po0.02, ***Po0.01, and ****Po0.0001.
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f-Crys expression in MTAL tubules and TAL cells
A total of 60 mg of total proteins were used for immunoblot-
ting with a specific z-crys antibody. The results displayed in
Figure 4 show that z-crys is expressed in the MTAL tubules.
This finding was expected, because z-crys is assumed to be
ubiquitous. Indeed, in addition to being highly expressed in
the lens, z-crys is present at the enzymatic level in various
other tissues. It has been shown that the z gene is controlled
by two separate promoters: the first of these is selectively and
highly active in lens, but the second one is a housekeeping
promoter that is active at a low level in all tissues.21,22 z-crys
is also expressed in the TAL cells, in which we have already
shown BSC1 mRNA expression to be regulated by acid pH
(herein and Karim et al.10). Therefore, TAL cells constitute a
good model to use in this study.
Acid medium increased f-crys abundance
To find out whether z-crys was involved in increasing the
stability of BSC1 mRNA by acid pH, we sought to check the
effect of an acid medium on the protein abundance of z-crys
(Figure 5). Exposing the cells to an acid medium for 16 h
induced a significant increase in the level of z-crys
(187±14.1% vs 100±5.6% in pH 7.4). No effect was
observed in the protein level of tubulin (110±6.1% vs
100±2.9% in pH 7.4) or HuR; another trans-acting factor
involved in the stability of numerous messengers23
(106±8.5% and 115±7.6% for HuR and tubulin, respec-
tively, vs 100±2% in pH 7.4). Thus, an acid pH specifically
promoted the protein expression of z-crys. However, when
measured by RT-QPCR, the mRNA level of z-crys was only
slightly increased under acidic conditions (119.65±7.2%;
Po0.01 as compared with control pH 7.4, not shown)
indicating translational regulation. Increased abundance of
z-crys probably contributes to the increased binding to target
mRNAs. Indeed, the activation of several ARE factors, almost
all of which share a nuclear localization property, primarily
consists of shuttling, and thus their abundance can increase
in the cytoplasm without any change in their total level. As
z-crys is a cytoplasmic protein, we assume that regulation of
protein synthesis would be important for its function.
Overexpression of f-crys increases the abundance of BSC1
mRNA
To find out the relevance of the acid medium-induced
protein level of z-crys for BSC1 mRNA expression, we looked
into the effect of z-crys overexpression on cells expressing
either mBSC1 WT or mBSC1DARE mutants. To do this,
plasmids were transiently cotransfected into the cells, and
mRNA levels were measured at 48 h by RT-QPCR. The
overexpression of z-crys was evalutated by measuring its
mRNA (not shown) and protein abundance in transfected
and control cells (Figure 6a). z-Crys was improved by
158.6±3.4% vs 100±2.7% in control (Po0.0001). Figure 6b
showed that the amount of mBSC1 WT mRNA was more
enhanced in cells overexpressing z-crys than in cells
transfected with empty plasmid (148±9.87% vs 100±18%;
Po0.0001), suggesting that BSC1 transcript is indeed a target
for z-crys. A similar effect was observed for mBSC1DARE1,
-ARE4, -ARE5, and -ARE6 mutants (180.94±49.6%;
Po0.04, 157.3±30.85; Po0.05, 174.31±20.8; Po0.04, and
149.27±27.33%; Po0.01, respectively). In contrast, z-crys
failed to increase BSC1 mRNA lacking ARE2 and ARE3
(105.3±11.43% and 94.3±17.97%, respectively).
These data provide evidence that the increased level of
mBSC1 WT mRNA is causally related to an increase in z-crys
levels, and that this effect does not require any further
stimulation by acid medium. This means that the over-
expression of z-crys may be part of an acid pH regulatory
pathway that controls BSC1 mRNA expression. Unsurpris-
ingly, the ARE motifs that mediate the effect of z-crys were
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Tubulinζ-Crys
Figure 5 |Protein abundance of f-crystallin (f-crys) is
increased by exposure to an acid medium. Thick ascending
limb (TAL) cells were incubated at either pH 7.1 (black columns) or
pH 7.4 (white columns). Total proteins were then extracted for
western blot analysis. (a) Representative blots for z-crys
(left panel) and HuR (right panel) are shown. (b) Summarizes the
results obtained in six experiments, in which measurements were
made in duplicate. The protein abundance of z-crys, but not that
of HuR, was significantly increased by exposure to an acid






Figure 4 | f-Crystallin (f-Crys) is constitutively present in
medullary thick ascending limb (MTAL) tubules and thick
ascending limb (TAL) cells. An isolated MTAL tubule suspension
was prepared, and TAL cells were harvested for western blot
analysis as described in the text. Total protein (60 mg) was loaded.
The blot was first probed with anti-z-crys, and then with anti-
tubulin. The data correspond to three experiments.
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mRNA stability (ARE2 and ARE3), but the most relevant
finding is that ARE3 seems to be the key element connecting
the stability, acid pH, and effects on BSC1 mRNA of z-crys.
f-Crys is involved in the acidic pH-increased expression of
BSC1 mRNA
The studies described above show that z-crys mimics the
molecular mechanism by which an acid pH regulates BSC1
mRNA expression. However, they do not clarify whether
z-crys is directly involved in this effect of an acid pH. To
check this, we performed two different but complementary
acid pH experiments.
z-Crys overexpression experiments, in which cells were
primarily cotransfected with BSC1 WT and z-crys plasmids,
or with BSC1 WT and empty plasmid, and the level of BSC1
mRNA was quantified by RT-QPCR (Figure 7). The data
showed that whereas in control cells an acid medium was still
able to increase the amount of BSC1 mRNA
(153.41±21.54% vs 100±13.99% in pH 7.4; Po0.05), in
the presence of overexpressed z-crys acid medium had no
additional effect (176.08±36.12%). Similar experiments
were performed on mBSC1DARE2 and -ARE6. Figure 7
showed that acidic pH still had no additional effect on ARE2-
deleted mutant (154.6±35% and 140.13±17.4% vs
100±18.1, respectively, Po0.02 and Po0.01) and no effect
on ARE6-deleted BSC1 (103.8±8.86% and 115.6±18.1% vs
100±6.93, respectively, P¼ 0.18 and P¼ 0.17). As we
discussed previous to and based on the studies performed
in the Figure 2, these results strongly suggest that z-crys
functions as a trans-acting factor, which induced BSC1
mRNA level by modulating the stability of the transcript and
through interactions with BSC1 ARE elements. In addition,
these results provide evidence that the signaling of an acid pH
uses the z-crys pathway to modulate BSC1 transcript and that
a second pathway involving ARE6 is probably needed to
accomplish fully the action of acidic pH.
z-Crys-silencing experiments, in which we used z-crys-
specific siRNA, and we investigated the effect of acid medium
on BSC1 mRNA. In total, 10 nM of siRNA oligo were
sufficient to block the protein expression of z-crys
(38.3±4.5% vs 100±1.99% of the control; non-targeting
siRNA pool, Figure 8) without any effect on the protein
expression of Naþ /KþATPase cotransporter and HuR, used
to test the specificity of z-crys silencing. The level of z-crys
disappeared 24 h after transfection, and remained low for at
least 3 days. The data displayed in Figure 9 showed that
silencing of z-crys reduced the expression of BSC1 mRNA
(down by 40.63±16.2% compared with the control siRNA;
Po0.05), but not of b-gal mRNA (101.3±16.8%). In
addition, the increased stability of BSC1 in acid medium-
treated cells was totally abolished (82.85±11.85% vs 100% in
pH 7.4). These findings clearly show that z-crys makes a
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mBSC1 ΔARE1 ΔARE2 ΔARE4ΔARE3 ΔARE5 ΔARE6WT
Figure 6 | f-Crystallin (f-crys) increases the stability of BSC1
mRNA through ARE elements. (a) Thick ascending limb (TAL)
cells were transfected with z-crys (þ z-crys) or empty (z-crys)
plasmids. Total proteins were then extracted for western blot
analysis. Left panel shows a representative blot for z-crys. Right
panel summarizes the results obtained in four experiments, in
which measurements were made in duplicate. z-Crys abundance
was increased after transfection. ****Po0.00001. (b) TAL cells
were cotransfected either with mBSC1 WT or mBSC1DAREs and
with z-crys plasmids (black columns), or with mBSC1 WT or
mBSC1DAREs and the empty plasmid (white columns). After 72 h,
total RNA was isolated for quantitative reverse transcription PCR
analysis. The amounts of mBSC1 WT and mBSC1DAREs mRNA in
control cells were set as 100%. The results are the mean of at least
six independent experiments. z-Crys failed to increase the
abundance of mBSC1 mRNA in which ARE2 or ARE3 had been














































Figure 7 |Overexpression of f-crystallin abolishes the effect of
an acid pH on BSC1 mRNA stability. Thick ascending limb (TAL)
cells were cotransfected either with mBSC1 WT and z-crys
plasmids (þ ), or with mBSC1 WT and the empty plasmid ().
They were then incubated for 16 h in acid medium (pH 7.1, black
and gray columns) or in normal medium (pH 7.4, white columns),
and total RNA was isolated for quantitative reverse transcription
PCR analysis. The results are the mean of four experiments. The
amounts of mBSC1 WT mRNA in cells treated with normal
medium were set as 100%. *Po0.05, **Po0.02, ***Po0.01.
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On the basis of the data described in the proximal
tubule12,13 and on our present results, z-crys emerged as a key
element that coordinates the adaptation of renal tubular cell
types in response to acidosis. Indeed, z-crys has been shown
to regulate the gene expression level of the principal enzymes
of ammoniagenesis (mitochondrial glutaminase and gluta-
mate dehydrogenase) in the proximal tubule, and of BSC1
that is responsible for NH4þ reabsorption in the MTAL.
Therefore, involvement of z-crys appears as an efficient
mechanism of NH4þ transfer from the former to the latter
segment and should provide an early response of target genes
to acidosis. Curiously, the secretory Naþ /Kþ (NH4
þ )/2Cl
(BSC2 or NKCC1) cotransporter of the medullary collecting
ducts, which is upregulated at the mRNA level during
acidosis,24,25 also contains several highly conserved ARE
motifs within the 30-UTR (not shown). However, the
mechanism by which BSC2 mRNA is increased, and a role
of these motifs regarding stability and/or binding to z-crys
remained to be established.
We conclude that our results indicate a new model for
how the expression of BSC1 is regulated. First, at the steady
state level, BSC1 mRNA stability is dictated by ARE
sequences in the 30UTR. ARE3 seems to be the most
important element regulating BSC1. z-Crys is a potent
stabilizing protein that binds BSC1-ARE, and regulates its
stability. During acidosis, in the MTAL where we have already
shown that BSC1 is optimally upregulated, an acid pH
stimulates the z-crys protein, and increases the stability of
BSC1 mRNA.
MATERIALS AND METHODS
The mouse TAL cell line was the kind gift of Professor Glenn
T Nagami, mouse z-crys-pcDNA and rabbit anti-z-crys antibody
that of Professor Norman P Curthoys, and mouse BSC1 cDNA was
the kind gift of Dr David Mount.
Plasmid constructions
cDNA encoding for mouse BSC1-9A was inserted into pcDNA3





























Figure 8 | Inhibition of f-crystallin (f-crys) expression with
siRNA. RNA interference experiments were performed as
described in Materials and Methods. Thick ascending limb cells
were transfected with 10 nM of z-crys siRNA oligos (Si) or control
non-targeting siRNA (Sc). Total proteins were then extracted for
western blot analysis to detect z-crys, Naþ /KþATPase, HuR, and
tubulin. (a) Representative blot is shown. (b) Summarizes the
























































































siRNA Sc Si Sc Si
Figure 9 |Depletion of f-crystallin (f-crys) by siRNA affected BSC1 mRNA expression, and the effect of an acid pH. Thick ascending
limb cells were transiently transfected with 10 nM of z-crys- siRNA oligos (Si) or control non-targeting-siRNA (Sc). Total RNA was isolated for
RT-PCR analysis. (a) A representative RT-PCR for BSC1 and b-galactosidase (b-gal) mRNAs. (b, c) Results obtained in at least six independent
experiments. (b) Abundance of BSC1 mRNA and b-galactosidase (b-gal) in the presence (Si, white columns) or absence (Sc, gray columns) of
z-crys is shown. Depletion of z-crys reduced the expression of BSC1, but not that of b-galactosidase (b-gal). (b) Effect of z-crys knockdown
on the pH-induced stability of BSC1-mRNA expression. *Po0.05, **Po0.03
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mutants, ARE sequences were deleted by PCR using the mBSC1 WT
plasmid as a template, two oligonucleotide primers that surround
the ARE sequences (Table 2), and the QuikChange Site-Directed
Mutagenesis Kit (Stratagene). After amplification, the DNA template
was digested with Dpn1, and the deleted BSC1-plasmids was
purified with QIAquick PCR Purification Kit (Qiagene) and then
ligated to form mBSC1DAREs mutants. All constructs were verified
by sequencing (Genome Express, France).
Cell culture and transient transfections
The TAL cells were grown in the appropriate DMEM/F12 medium,
plated on 60-mm plastic dishes, and transiently transfected using
lipofectamine reagent and Plus reagent as described in Karim et al.10
For the cotransfection experiments, cells at 80% confluence were
transfected with equal amounts (1.5 mg each) of mBSC1 WT or
mBSC1DARE and z-crys plasmids, and with 1 mg of b-gal plasmid
(used as a control for the transfection efficiency). For acid pH
experiments, the cells were treated as described in Karim et al.10 For
DRB treatment, transfected cells were maintained for 24 h in normal
medium and then a set of dishes was scabbed for the control
(t¼ 0 h) and the others were incubated with 80 mM of DRB for 3, 6,
and 9 h before scabbing.
RNA interference experiments
Silencing of z-crys in TAL cells was performed using Dharmacon,
(Thermo Fisher Scientific, Paris, France) siGENOME SMART pool
reagent containing four siRNA oligo designed for mouse z-crys
(GenBankTM accession number NM_009968). Subconfluent cells
were first cotransfected with BSC1 WT (1.5 mg) and b-gal (1 mg)
plasmids. After incubating for 4 h, they were treated for another 4 h
with z-crys or with a control, non-targeting siRNA pool using
lipofectamine reagent and according to the manufacturer’s instruc-
tions (Dharmacon). The transfection efficiency (480%) was tested
using Fluorescent siGlo RISC-Free siRNA. Positives and negatives
controls were tested using siCONTROL Kits (Dharmacon).
mRNA expression analysis
Reverse transcriptase-PCR. Total RNA was extracted using
RNAble reagent as described in the manufacturer’s instructions
(Eurobio, Paris, France). The samples were then purified from DNA
contamination by DNAaseI digestion. Semi-quantitative reverse
transcriptase-PCR was performed as described elsewhere.26 Each
semi-quantitative PCR reaction was performed at least in duplicate.
RT-QPCR. Total RNA was extracted using the SV Total RNA
Isolation System (Promega, Paris, France SARL), and the reverse
transcriptase was prepared as described above. Real-time PCR was
performed in duplicate in an ABI PRISM 7700 Sequence Detector
(Perkin-Elmer and Applied Biosystems, Courtaboeuf, France).
Amplification was monitored by SYBR green fluorescence using
1 Absolute QPCRR Green Mix (ABgene, Courtaboeuf, France)
and 45 ng of sample cDNA, according to the manufacturer’s
instructions. Standard curves were generated for BSC1, b-gal,
b-actin, and 18S by serial dilution of reverse transcriptase. The
quantity of each mRNA was calculated relative to the appropriate
standard curve, and using SDS 1.9.1 software (Applied Biosystems).
Depending to the experiments, BSC1 mRNA was either normalized
to b-gal and endogenous b-actin, or to the 18S. The results were
represented by the mean of mBSC1/(b-gal b-actin) or mBSC1/18S.
Protein extractions and western blot
For total protein extraction, suspensions of MTAL tubules or TAL
cells were harvested in a lysis buffer (150 mM NaCl, 50 mM Tris-HCl
(pH7.6), 1% Triton  100, 0.1% SDS, 26.6 mg/ml AEBSF, 216 mg/ml
Leupeptin, and 1 protease inhibitor cocktail) and incubated in
the same buffer for 60 min at 4 1C. After centrifuging (12,000 g for
15 min), the supernatant containing total proteins was stored at
80 1C until use. Proteins were separated by electrophoresis on 10%
SDS-polyacrylamide mini-gel. Primary antibodies were used at a
1:5000 dilution for anti-z-crys and anti-NAþ /KþATPase, and at
1:1000 for anti-tubulin and anti-HuR.
Statistical analyses
All experiments were performed at least in triplicate. Results are
expressed as mean±s.e.m. The statistical significance of the
difference between the experimental groups was assessed by
Student’s paired or unpaired t-test. Values were considered
significant at Po0.05.
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Table 2 | Oligonucleotide primers used for PCR reactions. ARE motifs are shown in black.
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